Evidence suggests that recent modern humans (Holocene) have low trabecular bone density (i.e., trabecular bone fraction, TBF) compared with other extant primates and fossil hominins. However, the extent to which TBF in recent humans with varying subsistence strategies differs from that of fossil hominins, and in turn, how hominins differ from various extant catarrhines is unclear. This study tests the hypotheses that first, populations with subsistence strategies demanding high physical activity exhibit greater TBF than sedentary populations and are more similar to fossil Homo. Secondly, that, australopiths have TBF that is more similar to nonhuman primates because of the greater mechanical loading on their skeletons. The study quantifies TBF in the limb epiphyses of recent humans, hominoids, cercopithecines, and fossil hominins. The results show overall a significant decrease in TBF among recent humans, whereas hominins, hominoids, and cercopithecines have similar, high TBF values. In addition, active human populations display TBF that is more similar to fossil Homo. The results suggest that this TBF decline reflects a reduction in activity levels among sedentary populations, although a systemic decline cannot be ruled out. These findings support the recent evolution of low trabecular density because of a decline in activity levels and underscore the utility of comparing multiple skeletal elements across a diverse set of recent modern humans when drawing conclusions about changes in trabecular bone in the human skeleton. Anat Rec, 2018.
INTRODUCTION
The relationship between bone morphology and mechanical loading is complex. However, a large number of experimental studies have demonstrated that cortical bone diaphyseal cross-sectional strength and trabecular bone fraction (TBF, used to refer to bone volume fraction and areal bone fraction) increase in response to increased mechanical loading (e.g., Lanyon, 1973; Biewener et al., 1996; Mori et al., 2003; Pontzer et al., 2006; Barak et al., 2011) . Other studies have also observed greater diaphyseal strength and TBF associated with greater activity levels (Ruff et al., 2006; Shaw and Stock, 2009; Pettersson et al., 2010; Ward, 2013; Chirchir et al., 2017a ; but see Judex et al., 2004; Havill et al., 2010; Ryan and Walker, 2010; Shaw and Ryan, 2012) . This is because there is a good correlation between TBF and bone strength (e.g., Carter and Hayes, 1976; Zioupos et al., 2000) . The documented changes in bone morphology have important implications for interpreting mechanical loading such as locomotion and physical activity levels of a population. Some of the studies that have investigated diaphyseal cross-sectional bone strength have found a decline in bone strength as modern humans became more sedentary in the Holocene of Europe (e.g., Holt, 2003; Marchi et al., 2011; Trinkaus and Ruff, 2012; Shaw and Stock, 2013; Macintosh et al., 2014; Ruff et al., 2015) . Similarly, research comparing TBF among fossil hominins, chimpanzees, and recent modern humans found that this last group had lower TBF (e.g., DeSilva and Devlin, 2012; Chirchir et al., 2015; Skinner et al., 2015) . Other studies have demonstrated that sedentary modern humans exhibit lower TBF than more active foragers (e.g., Ryan and Shaw, 2015; Saers et al., 2016; Chirchir et al., 2017a) and that even Neolithic populations had greater TBF than later modern humans (Scherf et al., 2016) .
However, some of these studies have largely examined the influence of physical activity in specific fossil species and/or groups of modern humans. For instance, Chirchir et al. (2015) compared two sedentary recent modern human populations with hominoids and fossil hominins, whereas Ryan and Shaw (2015) compared several foraging and farming groups of recent modern humans with multiple nonhuman primates, focusing on one anatomical site-the femoral head. The latter study showed that foragers had TBF that was closer to that of the nonhuman primates, whereas farming populations had lower TBF. Saers et al. (2016) found a correlation between mobility and increased TBF in multiple lower limb elements. Another recent study that investigated TBF in multiple modern human populations and skeletal elements demonstrated a general pattern of high TBF among those engaging in greater activity levels, whether through strenuous subsistence activities, greater mobility compared with their sedentary counterparts, or both (Chirchir et al., 2017a) . Therefore, it seems reasonable to conclude that physical activity levels contribute to greater TBF. When these results are placed in a broader comparative context, it is unclear whether indeed the modern human foragers engendered forces on their skeletons that would be nearly as high as observed among nonhuman primates, and it is also unclear how and/or whether different groups of foragers vary in TBF in comparison to fossil Homo and other fossil hominins.
Some studies have compared trabecular bone morphology between modern humans and nonhuman primates. These studies have focused on specific skeletal elements-in other words, investigation of TBF and trabecular architecture in one or a few anatomical sites (e.g., Ryan and Ketcham, 2002; Griffin et al., 2010; Scherf et al., 2013; Matarazzo, 2015; Ryan and Shaw, 2015; Skinner et al., 2015; Zeininger et al., 2016; Tsegai et al., 2017; Chirchir et al., 2017b) . Furthermore, many of these studies have focused on comparisons of fossil hominins, modern humans, and great apes (e.g., Skinner et al., 2015) ; comparisons of great apes and modern humans (e.g., Scherf et al., 2013) ; or comparisons among strepsirrhines (e.g., MacLatchy and Muller, 2002; Ryan and Ketcham, 2002) . This is often because of the high cost and limited availability of high-resolution computed tomography (CT) scanning and the considerable amount of time required to acquire and process images. These comparative studies interpreted the relationship between trabecular bone morphology and habitual locomotor behavior and potential systemic differences among taxa. Specifically, results comparing TBF between chimpanzees and recent modern humans demonstrate that chimpanzees have greater TBF than modern humans in multiple limb elements (e.g., Maga et al., 2006; Griffin et al., 2010; Tsegai et al., 2013; Chirchir et al., 2017b; Tsegai et al., 2018) . This is potentially related to the greater muscle force among nonhuman great apes, which allows them to produce a high force per cross-sectional area (e.g., Scholz et al., 2006) . Despite the significant progress so far in understanding trabecular bone morphology, there is still need for a comprehensive comparison of TBF among fossil hominins, diverse sets of recent modern humans, and other extant primates in multiple skeletal elements.
Apart from mechanical loading, there are other underlying factors that have an influence on bone morphology. Among them are diet and nutrition (e.g., Chalmers and Ho, 1970; Hamrick et al., 2008) , and pathology and physiological processes (e.g., Parfitt, 1984; Heap et al., 2004) . These studies suggest that bone morphology may be under the control of physiological processes that are beyond the scope of the present study.
This study aims to analyze TBF in a set of recent modern humans, nonhuman primates (hominoids and cercopithecines), and fossil hominins with the goal of understanding the differences in TBF across nonhuman primate taxa with different locomotor repertoires, recent modern human groups with varying physical activity levels, and fossil hominins that are temporally diverse and presumably experienced different physical activity levels. This study tests the following hypotheses: (1) that recent human populations with subsistence strategies demanding high physical activity are more similar in TBF to fossil Homo than to australopiths and Swartkrans hominins and (2) that nonhuman primates (hominoids and cercopithecines) exhibit relatively similar TBF to australopiths and Swartkrans because of the potentially greater forces engendered on their skeletons as a result of locomotion.
MATERIALS AND METHODS
This study estimated TBF in upper and lower limb skeletal elements: femoral head, distal tibia, metatarsal head (Mt3s for extant taxa; Mt1s and Mt5s of fossil hominins), humeral head, proximal ulna, distal radius, and metacarpal head (Mc3s for extant taxa; Mc1s-Mc5s for fossil hominins) (see Table 1 , Supporting Information Table S1a-c). Two scanning methods: peripheral quantitative CT (pQCT) and microCT scanning were used to estimate TBF as described below. Because of the poor preservation of fossils and the archeological collections in general, not all elements are represented for each taxon (Supporting Information Table S1a,b).
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Samples
Recent modern human sample. This sample comprises three Native American archeological collections, one Egyptian archeological collection, and one historic anatomical collection from St. Louis (Table 1, Supporting Information  Table S1a ). These collections are classified as foraging, transitional, sedentary, and industrial. The foraging sample is the Indian Knoll collection from Kentucky and is dated to about 2500-2000 BC (Winters, 1969) , whereas the Illinois sample is the transitional sample dated to about 1900 BP (Perino, 1968) . These two are classified together as the active populations because of their relatively greater activity levels observed among foragers and those that had not fully adopted agriculture (see Chirchir et al., 2017a for additional information). The sedentary samples include the Puye, Egyptian, and Terry collections. The Puye and Egyptian collections are dated to approximately 700-1100 BP and 2000-1700 BC, respectively (Lythgoe, 1915; Hewett, 1953; Grajetzki, 2006) . The Terry collection comprises an industrial sample from the late 19 th and early 20 th centuries from St. Louis (Hunt and Albanese, 2005) . More details about these collections were recently published in Chirchir et al. (2017a) . Only adult specimens exhibiting no pathologies were selected for study. The skeletons were aged based on long bone epiphyseal fusion and known ages for the Terry collection and were sexed following Buikstra and Ubelaker (1994) as described in Chirchir et al. (2017a) . Statistical analyses revealed no significant differences (P > 0.05) between sexes as reported in Chirchir et al. (2017a) .
Fossil hominin sample. This sample included: Australopithecus africanus, Australopithecus sediba, Australopithecus sp., likely Paranthropus robustus/early Homo (Swartkrans hominins), Homo neanderthalensis, and early Homo sapiens (Table 1, Supporting Information  Table S1b ). Except for Au. sediba, the fossil specimens listed here have been previously described in more detail in Chirchir et al. (2015) . The samples include both males and females and some of unknown sex (Supporting Information Table S1b ).
Nonhuman primates. This sample consisted of Pan troglodytes (chimpanzees), Pongo pygmaeus (orangutans), Papio anubis (olive baboons), Theropithecus gelada (gelada baboons), and Chlorocebus aethiops (vervet monkeys) (Table 1, Supporting Information Table S1c ).
Vervet monkeys are terrestrial and arboreal (Fedigan and Fedigan, 1988) . They spend time in trees sleeping and on the ground foraging. Their reported home range is approximately 7 km 2 (Cheney, 1981) . Olive baboons are primarily terrestrial (Altmann and Altmann, 1970) , although they engage in tree climbing when feeding and sleeping (Altmann, 1974) . They have a home range size of approximately 31.8 km 2 (Harding, 1976; Barton et al., 1992) . They are terrestrial and partially arborealspending limited time climbing (Hunt, 1992) , less than 1% of their total locomotor time climbing (Rose, 1977) . Gelada baboons have a small home range size of about 1.5-2 km 2 (Iwamoto and Dunbar, 1983) . They are more terrestrial as evidenced by having great wrist stability (Richmond et al., 2001 ) and elbow joint stability Jablonski (1993) relative to arboreal species.
Although chimpanzees are arboreal and terrestrial, they spend a greater amount of their time (~84%) terrestrially engaging in knuckle-walking (Doran, 1993; Sarringhaus et al., 2014) . They travel short distances about 2 km/day (Pontzer and Kamilar, 2009 ). Orangutans, however, are mostly arboreal engaging mostly in suspensory locomotion (Thorpe and Crompton, 2006) but do walk on the ground when traveling between food sources (Rodman and Mitani, 1987) .
Data Acquisition
The fossil hominins were scanned using high-resolution microCT, whereas the extant taxa were scanned using a Research SA pQCT scanner because of the difficulty of accessing both the scanners and specimens in the same location where specimens are housed. First, the study used the two scanners to measure a subsample of the same specimens to compare the results from the two scanners and obtained a good linear relationship between them (Supporting Information Fig. S1 ). This was then used to convert data from the pQCT scanner to microCT "equivalent" values, as described briefly below and in more detail in Chirchir et al. (2015) .
pQCT scanning and trabecular bone quantification. Extant specimens were scanned at the National Museum of Natural History, Smithsonian Institution, using the Norland Stratec Research SA pQCT scanner at a resolution of 100 μm. pQCT utilizes a hydroxyapatite phantom to estimate bone density by converting the attenuation coefficients obtained into bone density (Augat et al., 1998 ; also see Chirchir et al., 2017a for more details). For each specimen scanned, at first, a region of interest (ROI) was selected around the whole image without delineation of trabecular versus cortical bone using the inbuilt Contour Mode; a program that detects the bone image from air. Second, a more precise ROI about 65-75% of the internal region representing trabecular bone was selected using the inbuilt Peel Mode 1 function excluding cortical bone. CALCBD also inbuilt to the pQCT derives mineral density values. The density output from the pQCT is given in mg/cm 3 based on a calibration that utilizes the hydroxyapatite-equivalent phantom.
Specimens were placed in the scanner such that a laser indicated the location of scanning. Femoral and humeral heads were placed in the scanner's gantry so that each specimen was perpendicular to the head-neck axis and the scanning location was midway between the medial and lateral boarders of the head. The distal tibia scanning location was indicated by a line parallel to the distal articular surface, at the position half of the depth of the fibular notch. Scanning location of the distal radius was indicated by a line parallel to the distal articular surface at the half depth of the ulnar notch. On the proximal ulna, a line perpendicular to the long axis of the ulna and the midpoint of the trochlear notch identified the scanning location. The scanning location for the metacarpal and metatarsal heads was identified as half the depth of the superior-inferior measurement of the head; this line was perpendicular to the long axis of the bone. More detailed descriptions of orientation of specimens during scanning are in Chirchir (2015) and Chirchir et al. (2017a) .
MicroCT scanning and trabecular quantification. Twodimensional (2D) images were derived from the threedimensional (3D) image renderings obtained through microCT scanning. Except for Au. sediba, all fossil hominins were scanned at the Department of Human Evolution at the Max Plank Institute for Evolutionary Anthropology (MPI-EVA) in Leipzig, Germany, using the industrial BIR ACTIS 225/300 microCT at a~30 μm resolution. Au. sediba specimens were scanned at the University of Witwatersrand in Johannesburg, South Africa, at a resolution ranging from 30-69 μm (see Supporting Information Table S2 for individual specimen scanning resolution). They were scanned using the Microfocus Xray CT at the University of Witwatersrand. Some of these fossil specimens (Supporting Information Table S1b ) required image segmentation, as they had matrix that was likely introduced through the process of fossilization. Segmentation of images involves distinguishing bone from matrix (non-bone material). Four fossils from MPI-EVA that had matrix (Au. Africanus, Mc1; Swartkrans, two Mc1s; and Australopithecus sp., femur) were segmented using the ray-casting algorithm method (Scherf and Tilgner, 2009) , which relies on a gray value gradient to identify the boundaries in this case to identify the boundary between bone and non-bone; this was performed using Avizo 6.1 (Mercury Systems) and is further described in Chirchir et al. (2015) . The Au. sediba images (N = 5) were manually segmented using NIH Image J version 1.51h. This was done carefully by increasing image contrast and consequently using the wand tool to eliminate matrix. Two-dimensional image slices were obtained in the same style as that used to scan the extant specimens with pQCT (see also Chirchir et al., 2015) . Fossil hominin 2D slices were extracted from the 3D images using the program Avizo 6.1 (Mercury Systems).
Trabecular bone in each 2D image obtained from the fossil hominin specimens was quantified in NIH Image J using the Bone J Plugin (Doube et al., 2010) . This program measures TBF as a ratio of mineralized bone (based on the number of pixels assigned as bone) to the total area (based on the pixels found in the whole ROI). Spherical ROIs were selected. ROI sizes varied depending on the epiphyseal shape and size and were placed in the central most part while avoiding cortical bone. Each ROI was placed centrally to ensure that no cortical bone was included. ROI diameters were based on the size of the epiphyses; for instance, in the femoral and humeral heads, ROI was approximately 65-75% of the epiphyseal diameter ( Fig. 1 , also see Supplemental Information in Chirchir et al., 2015) .
Comparison of Scanning Methods and Obtaining Trabecular Bone Fraction
The two scanning methods were first compared by scanning the same extant specimens using the two pieces of equipment. A subset of 25 chimpanzee specimens (10 metacarpals, 5 humeri, and 5 metacarpals) from the National Museum of Natural History, Smithsonian Institution were scanned using the MPI-EVA BIR ACTIS 225/300 (specifications similar to those used for the fossil hominins) and the pQCT scanner. A linear regression analysis between the pQCT mineral density and microCT TBF revealed a strong correlation between the two methods (Supporting Information Fig. S1 ; also see Chirchir et al., 2015) . The linear regression equation obtained from the two methods was used to predict microCT equivalent TBF from trabecular density obtained from the pQCT.
Statistical Analyses
The fossil hominin samples were small, and therefore, statistical analyses could not be used to make comparisons with the larger extant samples. Thus, in making comparisons with fossil hominins, the extant taxa (recent modern humans, chimpanzees, and cercopithecines) means were treated as reference samples, in which the TBF of the fossil hominins was contrasted by reporting the number of Standard deviation (SDs) of each fossil hominin species mean departed from the reference sample mean . Only chimpanzees are selected as a reference among hominoids because of the greater variation introduced by including orangutans. Among the larger extant samples (cercopithecines, hominoids, and modern humans), one-way analysis of variance (ANOVA) were used to parse out significant differences among groups.
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RESULTS
Results comparing extant taxa to fossil hominins are presented in Table 2 , and additional ANOVA comparisons across extant groups: cercopithecines, hominoids, and active and sedentary recent modern humans are presented in Table 3 .
Fossil Hominins
The comparisons presented here are between the fossil hominin TBF and the mean reference samples, namely, cercopithecines, chimpanzees, and recent modern humans. The term australopith is used to refer to all members of the genus Australopithecus, Swartkrans is used to refer to South African fossils whose taxonomic attribution is unclear (possibly belong to Paranthropus or early Homo), whereas fossil Homo is used to refer to early modern humans and Neanderthals.
Comparison of fossil hominins with recent humans. The recent modern human sample (used as a reference sample) is divided into two, that is, the active sample (which includes foragers and transitional recent modern humans) and the sedentary sample (two agricultural and the urban industrial). The results for the lower limb show that the mean TBF in the femoral head in the Australopithecus sp. is 4.4 SDs above the active sample and is 5.4 SDs above the sedentary sample (Table 2 ). Mean TBF of Au. africanus follows a somewhat similar pattern as that of Australopithecus sp., in that, it falls 5 SDs above the Table 2 ). The mean TBF of early modern humans is above the active and sedentary sample mean by 2.6 and 3.7 SDs, respectively (Table 2 ). In the distal tibia, mean TBF of Au. africanus falls 4 SDs above the active sample mean and 5 SDs above the sedentary sample mean (Table 2) . However, Au. sediba is slightly below the sedentary sample TBF mean (0.5 SD) and is slightly above the active sample mean (0.4 SD) ( Table 2 ). The TBF mean of early modern humans is 0.6 and 1.5 SDs above the active and sedentary sample means, respectively (Table 2 ). In the metatarsal head, the mean TBF of Swartkrans is 2 SDs above the active sample; however, it is above the sedentary human sample mean by almost 3.9 SDs ( Table 2 ). The early modern human mean TBF is above both the recent human means; specifically, it falls 4.5 SDs above the active sample mean and over 6.7 SDs above the sedentary sample mean (Table 2 ).
In the upper limb, humeral head TBF mean of Au. africanus falls just over 5 SDs above the active recent human sample mean, and it is substantially higher than the sedentary recent human sample mean by 10 SDs ( Table 2) . The Neanderthals, however, display TBF mean that is considerably higher than that of the sedentary sample mean by 2.7 SDs, but it is similar to the active sample (Table 2) . Similarly, early modern humans have a TBF mean that falls above the sedentary human sample by about 2 SDs and is close to the active sample (Table 2 ).
In the proximal ulna, mean TBF of Au. africanus falls 3.5 SDs above the active human sample and falls 4 SDs above the sedentary human sample mean ( Table 2) . The Au. sediba mean TBF falls just over 1 SD above the active human sample mean and is 2.3 SDs above the sedentary sample mean ( Table 2 ). The Neanderthal mean TBF is somewhat similar to the Au. africanus mean in that it falls 3.5 SDs above the active human sample mean and 4 SDs above the sedentary sample mean ( Table 2 ). The early modern human mean TBF is relatively closer to the active sample but is slightly greater than the sedentary sample falling 1.3 SDs above the sedentary mean (Table 2) .
TBF mean in the distal radius of Swartkrans does not differ substantially from the means of the active sample, but it falls close to 3 SDs above the sedentary sample mean (Table 2) . Interestingly, observed mean TBF in Au. sediba is not considerably higher than the recent modern human sample means; it is only 0.6 above the sedentary mean and 0.5 below the active means (Table 2) . Mean TBF of Neanderthals falls above the recent human group means; specifically, it falls over 2 SDs above the active sample and over 5 SDs above the sedentary sample mean (Table 2) .
Mean TBF in Au. africanus metacarpal head is greater than the sedentary human sample mean; it falls 2 SDs above the sedentary sample mean and is not different from the active sample mean (Table 2 ). Mean TBF in Swartkrans is 1.8 SDs above the sedentary mean TBF and falls slightly below the active sample mean (by 0.4 SD) ( Table 2 ). The Au. sediba mean falls nearly 4 SDs below the chimpanzee mean, 4 SDs below the active sample mean, and just over 1 SD below the sedentary sample mean (Table 2) . Similarly, the Neanderthal mean TBF falls about 2 SDs below the active human sample mean and is not different from the sedentary human sample mean. The early modern human sample mean falls just over 2 SDs above the sedentary human sample mean ( Table 2) .
Comparison of fossil hominins to chimpanzees. The results for the lower limb show that mean TBF in the femoral head in the Australopithecus sp. is closer to the chimpanzee mean by close to 1 SD (Table 2) . Mean TBF of Au. africanus follows a somewhat similar pattern as that of Australopithecus sp., in that, it falls slightly over 1 SD above the chimpanzee mean (Table 2) . Mean TBF of Au. sediba falls below the chimpanzee mean by less than 0.5 SDs. Among fossil Homo, both Neanderthal and early modern human TBF means fall slightly below the chimpanzee TBF mean by about 0.6 and 1.3 SDs, respectively ( Table 2 ). The distal tibia mean TBF of Au. africanus falls 6 SDs above the chimpanzee TBF mean (Table 2) . However, Au. sediba mean is 3 SDs below the chimpanzee mean, whereas the early modern human TBF mean is also below the chimpanzee TBF mean albeit by 1 SD (Table 2 ). In the metatarsal head, the mean TBF of Swartkrans is quite similar to the chimpanzee mean (0.4 SDs above) and the early modern human mean TBF is above the chimpanzee mean by 3.8 SDs (Table 2 ). In the upper limb, humeral head mean TBF of Au. africanus falls close to 5 SDs above the chimpanzee mean. The Neanderthals and early modern humans, however, display TBF means that is similar, falling 1 and 1.2 SDs, respectively, below the chimpanzee mean (Table 2 ). In the proximal ulna, mean TBF of Au. africanus falls 2.9 SDs above the chimpanzee TBF mean (Table 2 ). Au. sediba mean TBF falls just 1 SD above the chimpanzee mean, whereas the Neanderthal mean falls close to 3 SDs above the chimpanzee mean. The early modern human mean TBF is similar to the chimpanzee mean (Table 2) .
Mean TBF in the distal radius of Swartkrans do not differ substantially from the chimpanzee TBF mean, whereas Au. sediba falls 2 SDs below ( Table 2 ). The Neanderthal mean TBF falls 1.8 SDs above the chimpanzee mean (Table 2 ). In the metacarpals, mean TBF of Au. africanus and Swartkrans is similar to the hominoids, both falling less than 0.9 SDs from the chimpanzee mean (Table 2 ). The Au. sediba mean falls 4 SDs below the chimpanzee mean. Among fossil Homo, the Neanderthal mean is just over 2 SDs below the chimpanzee mean, whereas the early modern human mean is similar to the hominoid mean ( Table 2) .
Comparison of hominins to cercopithecines. In the lower limb, the cercopithecine femoral heads have close to or slightly lower TBF than the hominins, with all hominins (australopiths, Swartkrans, and fossil Homo) falling 1.5 SDs or less below the cercopithecine mean (Table 2) . However, in the distal tibia, mean TBF of Au. africanus falls 1.6 SDs above the cercopithecine mean, whereas Au. sediba and fossil Homo (early modern humans) TBF mean fall less than 2 SDs below the cercopithecine mean (Table 2) . Interestingly, in the metatarsal head (only represented by Swartkrans and early modern humans), TBF is greater than among the cercopithecines, falling 1.4 and 3.4 SDs above the cercopithecine mean, respectively (Table 2 ).
In the upper limb, in general except for Au. sediba, australopiths and Swartkrans in most of the elements display TBF that is close to or slightly higher than the cercopithecines. Specifically, it does not deviate above 1.4 SDs or below 0.4 SD ( Table 2 ). Au. sediba, however, displays TBF that is closer to or lower than that of the cercopithecine mean in all elements represented (the proximal ulna, distal radius, and Mc heads); TBF means fall 0.7, 2.5, and 2.2 SDs, respectively, below the cercopithecine mean (Table 2) . Among fossil Homo, the results are mixed; in the humeral head both Neanderthals and early modern humans display consistently lower TBF than cercopithecines, falling 2 SDS or less below the cercopithecine mean TBF (Table 2) . Similarly, in the proximal ulna and distal radius, the Neanderthals fall less than 1 SD above the cercopithecine mean. However, on the metacarpal head, the Neanderthal mean is less than the cercopithecine mean TBF by 1.3 SDs. Mean TBF of early modern humans falls below the cercopithecine mean in the proximal ulna by 1.8 SDs and is closer in the metacarpal head (Table 2) .
Comparison of hominins and cercopithecines. ANOVA results show that in the femoral head, TBF is significantly greater among cercopithecines in most elements (P < 0.05) except in the distal elements Mt3 and Mc3 (Table 3) .
DISCUSSION
The results show that recent modern humans have, overall, significantly lower TBF than the extant nonhuman primates and the fossil hominins. TBF is uniformly lower among recent modern humans in both the sedentary and active groups, whereas the fossil hominins, hominoids, and cercopithecines display overall higher TBF. This study hypothesized that recent modern human populations with high levels of activity have more similar TBF to fossil Homo than to australopiths and Swartkrans. The study found that combined fossil Homo (early modern humans and Neanderthals) had relatively greater TBF than both recent human groups. In particular, there are pronounced differences in the extent to which early modern humans deviate from the recent human groups, in that, their TBF is far greater than that of the sedentary samples when compared to the active samples overall. Therefore, these results support the hypothesis that the active recent modern human samples exhibit TBF that is more similar to fossil Homo. This suggests that, indeed, fossil Homo were engaging in activities that resulted in greater mechanical loading consistent with previous studies of long bone cross-sectional strength (e.g., Churchill et al., 1996; Pearson, 2000; Trinkaus and Ruff, 2012; Shaw and Stock, 2013) . These studies found that some late Pleistocene Homo had greater diaphyseal bone cross-sectional strength than later modern humans, although variations have been observed in the later Pleistocene (e.g., Holt, 2003) . The greater diaphyseal crosssectional strength observed has been attributed to greater mobility (for resource acquisition) in both early modern humans and Neanderthals (e.g., Trinkaus and Ruff, 2012) , and there is even suggestion that the greater levels of cross-sectional strength may be an adaptation to undulating terrain among early modern humans (Marchi, 2008) . Furthermore, Neanderthals and early modern humans hunted (e.g., Lieberman and Shea, 1994; Niven et al. 2012 ) which may have resulted in the observed greater diaphyseal cross-sectional strength. Therefore, it is reasonable to conclude that the observed greater TBF in fossil Homo is also a result of higher activity levels.
In a previous study by Chirchir et al. (2015) , only two sedentary samples (Puye and Terry) were included in a comparison of fossil hominins with recent modern humans and concluded that recent modern humans had low TBF. Therefore, the above finding-that fossil Homo are closer in TBF to active humans-is significant, because it shows that despite overall lower TBF values in active modern humans than in fossil Homo, the significant shift to that observed in recent modern humans occurred among later Holocene sedentary samples. This is supported by Ryan and Shaw's (2015) finding that foragers displayed TBF similar to that observed in nonhuman primates that use their limbs during locomotion.
This study also found that in the lower limbs, australopiths (except Au. sediba) and Swartkrans displayed greater TBF than both groups of recent modern humans (Figs. 2-8) . The difference is more pronounced in the comparison between them and the sedentary recent modern humans; in other words, TBF in the australopiths and Swartkrans differed most greatly from that of the sedentary recent human sample. Despite much evidence showing that australopiths were primarily bipedal, it has been reported that they might have engaged in occasional arboreal behavior (Ward, 2013) , especially the South African australopiths studied here (McHenry and Berger, 1998; Green et al., 2007) . Although it is difficult to infer their precise level of arboreal activity, it is fair to interpret based on available morphological evidence that if they were arboreal, the extent of arboreality was likely not comparable to that observed in extant hominoids, who employ a diversity of joint postures during locomotion (Hunt, 1992) . Although, evidence from kinematic studies comparing hominoids and modern humans show variation in levels of joint reaction forces in the laboratory depending on specific regions of the limb under loading and the gait phase (e.g., Wang et al., 2014) ; overall, they presumably experienced high mechanical loading compared to recent modern humans, which may have resulted in the observed greater TBF because of diversity in use of the limbs perhaps in some form of arboreal locomotion.
Even so, there have been suggestions that the observations of low TBF in recent modern humans may be a systemic difference (e.g., Griffin et al., 2010; Tsegai et al., 2018) . Although there is evidence suggesting that the low TBF is a result of greater sedentism in some of the published literature (e.g., Ryan and Shaw, 2015; Chirchir et al., 2017b) , more data are needed to offer a complete tapestry of differences and variations in TBF during the Pleistocene and Holocene. In addition, differences in TBF between hominoids and recent modern humans may also be explained by the proposal that hominoids have a remarkable difference in musculoskeletal strength, which can be attributed to their muscle fibers being intrinsically stronger (Walker, 2009 ). Walker suggested that unlike apes, modern humans can recruit muscles with more discrimination for complex functions, whereas apes cannot. Apes have to produce high forces per cross-sectional area for these functions. Furthermore, studies that have investigated diaphyseal strength show that chimpanzees have, on average, greater femoral strength than modern humans do (Ruff, 1987; Ruff and Runestad, 1992; Thorpe and Crompton, 2006) , despite the greater degree of loading on the modern human femur because of bipedal locomotion.
The Au. sediba sample shows similarity with the other australopiths and Swartkrans in the femoral head. However, the distal tibia specifically presents TBF that is somewhat similar to recent modern humans; in other words, Au. sediba does not display high TBF, when compared to recent modern humans, and although there is only one element and thus may not lend itself to conclusive interpretation, it may support interpretations of differences in limb use in the genus Australopithecus. Indeed, reports suggest that the locomotor behavior of Au. sediba may have differed from that of other australopiths in that it engaged in divergent locomotor behavior with force distribution in the limbs supporting various forms of bipedality, including hyperpronation (DeSilva et al., 2013) . In addition, the distal tibia of Au. sediba has been described as bearing morphological traits resembling that observed in modern humans such as having a posteriorly and laterally expanded and deep distal articular surface (Zipfel et al., 2011) . But its morphology differs from that observed in recent modern humans and other hominins such as in the thickness of the medial malleolus which has been attributed to its climbing with limited dorsiflexion (Zipfel et al. 2011) , and there are even recent conclusions that this species had suspensory capabilities (Rein et al., 2017) . The pattern of TBF shows a human-like distal tibia; however, conclusive interpretations of TBF in relation to habitual locomotor behavior of Au. sediba cannot be made, given that this study did not investigate other trabecular bone properties that maybe more informative in inferring locomotor behavior (e.g., degree of anisotropy).
Similar to the lower limb, the upper limb of the australopiths and Swartkrans has greater TBF than both recent Fig. 2 . Boxplot of TBF in the femoral head across samples: cercopithecines, hominoids, fossil hominins, and recent modern humans. In each boxplot, the bold line at the center represents the median, the box shows the interquartile range, and the whiskers show the values 1.5 times the interquartile range above and below the box. Where N = 1, this is represented by a single line (data point) and where N = 3, the central line represents the median while the box at the lower end represents the minimum data point and the highest represents the maximum data point. Fig. 3 . Boxplot of TBF in the distal tibia across samples: cercopithecines, hominoids, fossil hominins, and recent modern humans. In each boxplot, the bold line at the center represents the median, the box shows the interquartile range, and the whiskers show the values 1.5 times the interquartile range above and below the box. Where N = 1, this is represented by a single line (data point) and where N = 3, the central line represents the median while the box at the lower end represents the minimum data point and the highest represents the maximum data point. modern human groups, and the contrast is more pronounced when compared to the sedentary recent human sample in most of the elements. This also supports the notion that the australopiths and Swartkrans had relatively higher levels of loading in comparison to recent humans resulting in greater mechanical loads perhaps . Boxplot of TBF in the proximal ulna across samples: cercopithecines, hominoids, fossil hominins, and recent modern humans. In each boxplot, the bold line at the center represents the median, the box shows the interquartile range, and the whiskers show the values 1.5 times the interquartile range above and below the box. Where N = 1, this is represented by a single line (data point) and where N = 3 (Neanderthals), the central line represents the median while the box at the lower end represents the minimum data point and the highest represents the maximum data point. Fig. 7 . Boxplot of TBF in the distal radius across samples: cercopithecines, hominoids, fossil hominins, and recent modern humans. In each boxplot, the bold line at the center represents the median, the box shows the interquartile range, and the whiskers show the values 1.5 times the interquartile range above and below the box. Where N = 1, this is represented by a single line (data point) and where N = 3 (Neanderthals), the central line represents the median while the box at the lower end represents the minimum data point and the highest represents the maximum data point.
during locomotion, although this does not preclude systemic differences. Complementary to the lower limb, the upper limb results overall show that fossil Homo are relatively closer in TBF to the active human sample, whereas they have greater TBF than the sedentary recent humans. This supports the above hypothesis that fossil Homo are closer in TBF to the active recent human groups, and they differ significantly from the sedentary agriculturalists and industrialists. TBF in the metacarpal heads shows that both Au. sediba and fossil Homo have slightly greater TBF than the sedentary modern humans but are more similar to the active modern humans. This is compatible with the interpretation that the hand of Au. sediba had morphology suggesting the ability to manipulate objects and the fact that it exhibits a human-like gracile hand, thereby demonstrating some similarity with modern humans (Kivell et al., 2011; Kivell, 2015) . But, even so, Au. sediba's upper limb exhibited a suite of traits some considered arboreal, whereas others are consistent with modern human morphology. The metacarpal heads of recent modern humans have low TBF compared to the hominoids and other fossil hominins (e.g., Chirchir et al., 2015; Skinner et al., 2015) despite the diversity of hand function; therefore, if Au. sediba's hand was indeed similar to recent modern humans in having short fingers, an elongated thumb which would allow for manipulation and greater hand gracility (Kivell et al., 2011; Kivell, 2015) , a point can be made that the human hand as well as Au. sediba's hand display low TBF as a trade-off of minimizing mass to ensure a "light" and flexible hand while altering other trabecular bone properties. In fact, Saers et al. (2016) observed that TBF declined in a proximaldistal fashion in the limb. Whereas other trabecular bone properties (e.g., degree of anisotropy) did not follow this pattern. This suggests that architectural properties might be more reflective of refined loading patterns such as manipulation although there is a greater constraint in increasing bone density distally, which would be energetically expensive to grow and maintain. Therefore, the observed patterns may be a reflection of different loading regimes and developmental signals that are not captured in the present study. This underscores the need for further research in fossil hominins documenting trabecular bone architectural properties and investigation of quantifiable locomotor behaviors of primates in the wild.
The second hypothesis that nonhuman primates exhibit relatively similar TBF to australopiths and Swartkrans than fossil Homo resulting from use of limbs in locomotion was mostly supported. This study found that in the lower/ hind limb, TBF among the cercopithecines was closer to that of australopiths and Swartkrans but not fossil Homo, whereas in the upper limb, the results were mixed. TBF among cercopithecines is overall higher than in the hominoids. In the lower/hind limb elements, TBF among australopiths is slightly higher than or closer to the cercopithecines, as predicted, whereas fossil Homo have significantly lower TBF than the cercopithecines. The locomotor style of the two extant primate groups investigated is varied, in that, the cercopithecines sampled here engage in primarily two locomotor modes, terrestrial quadrupedalism and arborealism, to varying degrees. The hominoids engage in diverse joint postures during locomotion (e.g., knucklewalking, suspension, terrestrial quadrupedalism, and climbing), and consequently, the direction of loading at the joint is more varied (Hunt, 1992; Sarringhaus et al., 2014) . The hominins for the most part were terrestrial bipeds albeit with capability for arboreal locomotion. Although it is unclear exactly how much force the joints experience especially during locomotion in the wild, TBF exhibited by these groups potentially suggests overall greater forces on the joints among cercopithecines than among hominoids. This is supported by work suggesting that hind limb diaphyseal strength relative to joint size is lower in hominoids than among cercopithecines (e.g., Ruff, 1988) .
In the distal tibia, Au. africanus deviates from the rest of the elements; it displays greater TBF than chimpanzees, which is in contrast with findings from a previous study by Barak et al. (2013) who did not find significant differences between the two taxa. Although this may be because of differences in methods used and the sampling of different volumes of interest-VOI (medial and lateral) compared to a single VOI in the present study, it highlights the need to compare other trabecular architectural properties that may be more reflective of loading regime, and of broad range comparisons of fossil hominins and extant taxa as 3D imaging becomes more accessible. In addition, TBF as reported previously tends to decrease in a proximo-distal fashion despite species differences and activity levels (e.g., Chirchir, 2015) but not degree of anisotropy (e.g., Saers et al., 2016) . In fact, some researchers who have investigated TBF in the lower limbs of a range of anthropoids found that because of the diversity of limb use during locomotion, the observed patterns of TBF may not necessarily reflect the loading pattern in the femoral head (e.g., Ryan and Walker, 2010) .
In addition, Griffin et al. (2010) who quantified TBF in the metatarsal heads of hominoids suggested that observed differences in TBF were not good indicators of differences in habitual locomotion. Ryan and Shaw (2013) also found that there was overlap in measurements of trabecular properties in primates belonging to different locomotor categories, thus emphasizing the use of multiple trabecular architectural properties in inferring locomotor behavior. More precise observations reflecting differences in habitual locomotor behavior have been observed in studies of trabecular architectural properties such as degree of anisotropy (e.g., MacLatchy and Müller, 2002; Ryan and Ketcham, 2002) . These findings further highlight the complexity of using morphology to infer behavior. Although there are variations in TBF between individual species, this study primarily made broad comparisons of taxa classified as cercopithecines, hominoids, hominins, and recent modern humans; therefore, the individual species differences are not explored further here.
The observed trend of TBF of most australopiths is either similar to or slightly higher than that of cercopithecines except for Au. sediba. This pattern of high TBF is similar to that observed in hominoids and it has been suggested that this is because the hands among these australopiths and Swartkrans may still be used in locomotion (Skinner et al., 2015) , potentially resulting in greater biomechanical loading. Au. sediba exhibits less TBF than the cercopithecines. Indeed, this is an interesting finding, especially because the upper limb morphology of Au. sediba suggests that it retained a primitive upper limb and engaged in arboreal behavior as discussed above. However, the hand of Au. sediba is described as demonstrating a mix of australopith-like traits and human-like traits (Kivell et al., 2011; Kivell, 2015 , also see above) implying that Au. sediba had the capability for hand manipulation. Therefore, the finding that TBF in the metacarpal head is unlike that observed in the other australopiths and cercopithecines and is more similar to recent modern humans suggests that these hand manipulation activities may have resulted in changes in trabecular bone architectural properties (e.g., trabecular spacing, orientation, and connectivity) instead of an increase in TBF. It is also possible that observed high TBF in other australopiths resulted from joint forces resulting from hand use during locomotion. This study did not investigate these trabecular architectural properties because of limitations arising from the study of 2D images that primarily make up the fossil hominin sample.
Fossil Homo in some elements of the upper/fore limb is closer in TBF to the nonhuman primates. More specifically, most of the cercopithecines have significantly greater TBF than recent modern humans, and although hominoids have greater TBF than that of recent modern humans, they are somewhat closer to those of active recent modern humans. Although this suggests that the activity levels of active recent humans were relatively high overall, engendering greater forces that were perhaps closer, to those experienced by hominoids, resulting in greater bone deposition, as Ryan and Shaw (2015) reported, phylogenetic and systemic differences may have a role in these observed differences. Therefore, these findings form a basis of further research investigating systemic differences that are not observable osteologically.
The goal of this study was to compare TBF in a broad sample of recent modern humans, fossil hominins, hominoids, and cercopithecines. In summary, the findings mainly support our hypotheses. The study found that: (1) recent human populations (especially sedentary humans) have low TBF compared to fossil Homo, australopiths, and Swartkrans and (2) hominoids and cercopithecines are more similar in TBF to australopiths and Swartkrans. The results here are significant in our understanding of the relationship between mechanical loading and TBF. However, it should be noted that although these findings may be attributed to differences in activity levels, this does not preclude the fact that there are other factors that influence trabecular morphology. These include genetics, diet, hormones, and anatomical site, and these also seem to play a significant role in bone deposition.
This study has some limitations. First, because TBF was quantified using pQCT and 2D fossil hominin images instead of 3D images, the study could not quantify trabecular architectural properties that may be most instructive in teasing out differences in positional joint behaviors and locomotor modes. Second, some of the fossil samples are few and it is necessary to expand the sample size in future. Third, as with most trabecular bone studies to date, there is a lack of refined precision in understanding primate joint postures especially in their natural habitats, which limits the ability to interpret form-function relationships with greater resolution.
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